The Aeolus satellite mission of the European Space Agency (ESA) has brought the first 1 wind lidar to space in order to satisfy the long existing need for global wind profile observations.
Introduction
. Modelled spectra of the emitted laser pulse (violet), the molecular backscatter (light blue) from the atmosphere (Rayleigh Brillouin lineshape) and the transmitted intensities (green and pink areas) through the respective filters A (red line) and B (green line) of the Rayleigh spectrometer. The dotted lines represent the associated response curves R R for the broadband molecular return (dark blue) and the narrow-band laser spectrum (black circles) in steps of 50 MHz. The two vertical black dashed lines span a typical calibration range of 1.5 GHz around the crosspoint of the two filter transmissivity curves.
measuring frequency shifts via a beat signal by comparing the incoming light to a local oscillator, the 122 latter monitoring intensity changes of the backscattered light. Looking back in history, Chanin et al. 123 [47] demonstrated the first wind measurements in the middle atmosphere based on Rayleigh scattering 124 using a pulsed laser at 532 nm and a double-edge Fabry-Pérot-interferometer for direct-detection. and I(B) symbolized by the pink and lime green filled areas. As described in Garnier and Chanin
140
[53] a so-called Rayleigh response R R can be calculated as the contrast ratio from the two intensities 141 transmitted through filter A and B depending on the frequency f.
The response describes the relation between the received backscatter signal and the frequency. The emitted laser pulse (bold arrows) is directed towards the atmosphere, the wavelength meter and the spectrometers for Internal Reference measurements (LPO: low power oscillator, PLL: phase locked loop, SHG: second harmonic generation, THG: third harmonic generation, RLH: Reference Laser Head). The received backscatter signal is transmitted through the Front Optics and then analysed by two different spectrometers. A small fraction of the backscatter signal is guided towards a UV-camera for co-alignment purposes (thin dashed arrow). Accumulation charge coupled devices (ACCD) detect the incoming photons and analogue digital converters (ADC) translate the signal. Right: Simplified operation principle of the ACCDs used for the Mie and Rayleigh channel. After acquisition in the imaging zone, the signal is shifted to the memory zone via a transfer row. From there, the charges are pushed to the read-out register and finally to the ADC. Signal levels are colour-coded from black (no signal) and blue (low) to red (high).
On the left of Figure 2 the structure of the A2D and its subsystems is illustrated. The laser of the 149 A2D is set up in a master-oscillator power-amplifier configuration using two identical continuous 150 wave lasers in the Reference Laser Head (RLH), one acting as seed laser for the oscillator, the other 151 one as reference laser at 1064 nm (Lemmerz et al. [40] ). Whereas the frequency of the reference laser 152 is kept constant, the seed laser provides tunability. By optically beating the two frequencies, the 153 frequency difference between both lasers can be controlled via a Phase Locked Loop (PLL) and set
154
to a user-defined offset. This capability permits tuning over a frequency range of ≈12 GHz (UV) and Rayleigh receiver that is able to separate the signals from particle and molecular backscatter, allowing
170
for two different ways of wind retrieval (Reitebuch [36] ). Also, the sequential arrangement of the from the actual wind measurements, the objectives ranged from, e.g., the performance of response
198
calibrations over the determination of sea surface reflectance to the rehearsal of satellite underpasses.
199
In the following, we focus on the detailed analysis and comparison of the A2D instrument response
200
calibrations which have to pass strict quality controls in order to minimize errors that can potentially 201 be passed on to the wind measurements. In particular, low systematic errors are a prerequisite for 202 further consideration in NWP models. 
Here, I raw is the raw intensity recorded by pixel number p within the 2 nd row of the memory zone 
The intensities are measured in digitizer counts, so-called least-significant bits (LSB), which channel of 1500 MHz (also indicated in Figure 1 ) is selected symmetrically around this cross-point.
An additional correction is applied to the resulting responses at the observation level with respect recording. This underlines the long-term stability of the A2D system.
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As discussed along with Figure 1 , the response R R depends on the spectral width of the molecular 321 backscatter, i.e., on the temperature and pressure of the probed atmospheric volume (Witschas et al.
322
[52]; Witschas et al. [58] atmosphere not only on the vertical but also on the horizontal scale.
338
Subtracting linear fits from the response functions in Figure 5 reveals the structure of their 339 non-linearities in more detail ( Figure 6 ). In contrast to the Mie response functions, which can be well 340 described by linear fits, the Rayleigh response functions require a higher order fit to mimic their slightly 341 undulated shape with sufficient accuracy. This is especially the case for the molecular signal from the 342 atmosphere which exhibits a much broader spectral width than the Internal Reference. Currently the 
346
Polynomial orders lower than 5 could not reproduce the shape of the response functions well enough 347 whereas higher orders tended to introduce non-meaningful oscillations. Additionally, the fits by 5 th 348 order polynomials lead to reasonably low residual errors ( Figure 7 ). More information is available in
The polynomial coefficients c i from Eq. 7 are compiled in Tab. 4. The linear shape of the Mie 351 response functions can be described by Table 4 . Coefficients c i derived from a 5 th order polynomial fit through the Rayleigh response functions of the Internal Reference (INT), the atmospheric (ATM) at a distance of 4.7 km from the instrument together with the mean and the peak-to-peak value δ over the coefficients from all calibrations. 
414
As the FPI has been shown to be particularly sensitive to the variation of input angles (Witschas et al.
415
[62]), it is essential that the co-alignment of the two optical axes of the telescope and outgoing laser 
Comparison of instrument response calibrations

434
The differences between the response calibration curves presented above require quantification 435 in order to assess the variability they inherit to the final wind speeds. Thus, according to Eq. 9, we 436 compute 'virtual' wind speeds v sim from the predefined identical frequency arrays for each IRC with 437 λ 0 being the wavelength of the emitted laser pulses.
The 
Wind measurements 505
Overall, we performed and analysed more than 27 wind measurement scenes from the two [61], all slopes derived from such statistical comparison published in the past are based on the 547 assumption that the 2-µm winds are error-free, i.e., they correspond to the left column of Tab. 6. mean bias implies that on average the A2D winds are smaller than the 2-µm winds. The MAD is 551 defined as median(|X i − median(X)|) with X i being the differences between A2D and 2-µm winds.
552
By multiplying the MAD with the factor of 1.48 (Huber [67] ), it becomes a consistent estimator for 553 the standard deviation in the case of a normal distribution. The MAD is given here as an additional The blue line corresponds to a fit attributing 1 m/s and 2.5 m/s random error to the 2-µm and A2D DWL, respectively. Equivalently, the red and magenta line correspond to cases which assume perfect 2-µm and A2D wind measurements, respectively.
parameter since the standard deviation is enhanced by the presence of outliers for a non-Gaussian 555 distribution of the wind speed differences. at the start of this scene, the jet stream with LOS wind speeds of up to -24 m/s was intersected.
561
Here, the aerosol load was too low for a retrieval of valid A2D Mie winds but high enough for the 562 2-µm lidar. An impressive similarity between the two scenes is found in terms of the wind field 
573
[68] who elucidate the performance of Aeolus in heterogeneous atmospheric conditions, i.e., in cases 574 where atmospheric dynamics and optical properties vary strongly within the sampling volume. to process all these wind scenarios assures consistency in the statistical comparisons and essentially 600 avoids additional errors that would be introduced by applying various calibrations (see Figure 8) .
601
Apart from a significantly larger number of bins entering the statistical comparison, the Rayleigh 602 channel also enabled us to obtain a higher wind speed range than the Mie channel. Differences in 603 wind speed between the A2D and the 2-µm lidar reach about ±12 m/s peak-to-peak for both the Mie Presented are the wind measurements by the 2-µm lidar compared to A2D winds (top) for different days (colour coded). The bold blue lines correspond to a fit attributing 1 m/s and 2.5 m/s random error to the 2-µm and A2D DWL, respectively. Equivalently, the red and magenta lines correspond to cases which assume perfect 2-µm and A2D wind measurements, respectively. The differences in wind speed (A2D -2-µm ) between both lidars (center) are shown together with the mean value (red dashed lines) and ±1 standard deviation (black lines). The probability density functions of these differences (bottom) are given along with the mean (dashed red line) and median value (blue line). Finally, Table 7 and the 2-µm , will participate in calibration/validation activities of the Aeolus mission after launch.
675
A new laser transmitter operating at a 100 Hz repetition rate is currently under development for an 676 upgraded A2D system. Improved stability of responses and wind speeds at the observational level are 677 expected from recent successes in directing the Internal Reference signal through a fibre scrambler and 678 therefore reducing speckle noise.
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